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ABSTRACT

A large fraction (35%-50%) of observed La Niiia events last two years or longer, in contrast to the great
majority of El Nifio events, which last one year. Here, the authors explore the nonlinear processes responsible for
the multiyear persistence of La Nifia in the Community Climate System Model, version 4 (CCSM4), a coupled
climate model that simulates the asymmetric duration of La Nifia and El Nifio events realistically. The authors
develop a nonlinear delayed-oscillator (NDO) model of the El Nifio-Southern Oscillation (ENSO) to explore
the mechanisms governing the duration of La Nifia. The NDO includes nonlinear and seasonally dependent
feedbacks derived from the CCSM4 heat budget, which allow it to simulate key ENSO features in quantitative
agreement with CCSM4.

Sensitivity experiments with the NDO show that the nonlinearity in the delayed thermocline feedback is the
sole process controlling the duration of La Nifia events. The authors’ results show that, as La Nifia events
become stronger, the delayed thermocline response does not increase proportionally. This nonlinearity arises
from two processes: 1) the response of winds to sea surface temperature anomalies and 2) the ability of
thermocline depth anomalies to influence temperatures at the base of the mixed layer. Thus, strong La Nifia
events require that the thermocline remains deeper for longer than 1 yr for sea surface temperatures to return
to neutral. Ocean reanalysis data show evidence for this thermocline nonlinearity, suggesting that this process
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could be at work in nature.

1. Introduction

A large fraction (35%-50%) of La Nifia events last
two years or longer (Okumura and Deser 2010) in con-
trast to El Nifio events, which rarely last longer than one
year. The multiyear persistence of La Nifia exacerbates
its global climate impacts, especially in regions prone to
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drought. Several observational studies have documented
the asymmetry in the duration of the two phases of El
Nifio—Southern Oscillation (ENSO) (e.g., Kessler 2002;
Larkin and Harrison 2002; McPhaden and Zhang 2009;
Ohba and Ueda 2009; Wu et al. 2010; Okumura and
Deser 2010; Ohba et al. 2010; Hu et al. 2013). For in-
stance, during the 1980-2008 period, sea surface tem-
perature (SST) observations show that La Nifia tends to
persist into a second year, reintensifying during the fol-
lowing boreal winter (McPhaden and Zhang 2009).
Observations also show that warm-to-cold transitions
tend to occur within a single year, in contrast to the cold-
to-warm transitions, which occur over 1-3yr (Larkin
and Harrison 2002; Kessler 2002).

Simple conceptual models of ENSO, such as the
delayed oscillator (Suarez and Schopf 1988, hereafter
SS88; Battisti and Hirst 1989, hereafter BH89) or the
recharge oscillator Jin (1997, hereafter J97), posit that
the delayed thermocline response to anomalies of one
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sign drive the transition into SST anomalies of the op-
posite sign. However, some of the observational studies
mentioned above suggest that this relationship between
thermocline and SST anomalies breaks down during La
Nifia (Kessler 2002; Nagura et al. 2008; McPhaden and
Zhang 2009). Observations show that, for 40% of its
cycle, ENSO is characterized by negative SST anomalies
(i.e., La Nifia), along with deeper thermocline anomalies
(Kessler 2002). This suggests an asymmetry in ENSO
dynamics since this phase should take 25% of the ENSO
cycle if the dynamics were linear/symmetric.

The physical processes causing the asymmetric dura-
tion of ENSO events are unclear. Ohba and Ueda (2009)
and Okumura et al. (2011) argue that it is caused by wind
anomalies that are shifted westward and of weaker
magnitude during La Nifia events. This asymmetric wind
response occurs because of differences in the location of
precipitation anomalies over the western Pacific be-
tween El Nifio and La Nifia, resulting in wind anomalies
of different magnitudes (Ohba and Ueda 2009; Frauen
and Dommenget 2010; Okumura et al. 2011). Choi et al.
(2013) also showed that this nonlinearity plays a role in
the asymmetric duration of ENSO events, however, by
influencing the termination of La Nifia through the de-
layed adjustment of the thermocline to wind anomalies.
Hu et al. (2013) argue that ocean dynamical processes
involving Kelvin and Rossby waves are key for the
persistence of La Nifia, but the causes for the persistence
of wind anomalies over the western Pacific remain un-
clear from their study.

These studies have focused on atmospheric or ocean
processes separately, but the asymmetric duration of
ENSO events has not been examined in a coupled
framework. Furthermore, investigation of this feature
using general circulation coupled models is hindered by
the fact that few models can simulate the persistence of
La Nifa realistically (Ohba et al. 2010). Among them, the
Community Climate System Model, version 4 (CCSM4),
simulates many features of La Nifla observed in nature
(Deser et al. 2012). Long-lived La Nifia events simulated
by CCSM4 show negative SST anomalies persisting in
the central equatorial Pacific during boreal spring, re-
intensifying during winter of the second year (Fig. 1).
CCSM4 also simulates the frequency of occurrence of
these events realistically since one out of three simulated
events persists for 2yr or longer as observed in the his-
torical record (Deser et al. 2012).

CCSM4 simulates ENSO events with many character-
istics of an oscillation between SST anomalies and ther-
mocline depth anomalies, as conceptualized in the SS88
and BH89 delayed oscillator (DO) or in J97’s recharge
oscillator (RO). ENSO events with La Nifia conditions
lasting for 1lyr (1-yr LN) exhibit zonally averaged
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thermocline depth anomalies Z|_, leading SST anomalies

during the transition from EI Nifio to La Nifia and during
the transition from La Nifia to neutral conditions, consis-
tent with linear ENSO dynamics (Fig. 2a). ENSO events
with La Nifa conditions lasting at least 2 yr (2-yr LN) also
exhibit Z{, anomalies preceding SST anomalies during the
transition from El Nifio to La Nifia; however, this lead-lag
relationship breaks down after the first peak of La Nifa.
During this phase of the ENSO cycle, the thermocline
deepens and cold SST anomalies persist, very much as
observed (Kessler 2002). La Nifia conditions peak again in
the following year (Fig. 2b) and return to neutral condi-
tions after a total of 2yr with an anomalously deeper
thermocline.

This preliminary analysis suggests that the thermocline
is involved in the multiyear persistence of La Niia.
Throughout the rest of the study, we systematically ex-
plore the nonlinear processes controlling the duration of
La Nifia using output from the 1300-yr control simulation
performed with CCSM4. We first perform a heat budget
analysis of ENSO as simulated by CCSM4. We use the
heat budget results to develop a nonlinear version
of the delayed-oscillator model of Battisti and Hirst
(1989), in which the Bjerknes and delayed thermocline
feedbacks, as well as the atmospheric damping, are
nonlinear functions of Nifio-3.4 SST anomalies. We
then perform a series of experiments with the nonlinear
delayed-oscillator (NDO) model in order to isolate the
effects of the nonlinear feedbacks on the duration of
La Nifia and thus diagnose the physical processes re-
sponsible for its multiyear persistence. The NDO ex-
periments show that a nonlinearity in the delayed
thermocline feedback is the sole process controlling the
duration of La Nifia in the NDO. We conclude with
a discussion of the processes giving rise to this non-
linearity in CCSM4 and in ocean reanalysis, along with
precursors that could be used to anticipate whether
La Nifa will persist into a second year.

2. Data
a. CCSM4 long control simulation

The data used in our analysis are from a 1300-yr control
simulation of preindustrial climate performed with the
CCSM4. CCSM4 is a climate model consisting of coupled
atmosphere and ocean general circulation models (GCMs)
and comprehensive land and cryosphere models. The
reader is referred to Gent et al. (2011) for specific in-
formation about CCSM4. The control simulation analyzed
here includes interactions between components of the
climate system (ocean, atmosphere, cryosphere, and land)
configured at nominal 1° latitude-longitude resolution
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FIG. 1. Longitude-time evolution of (a) simulated and (b) observed sea surface temperature anomalies (SSTA) for
2-yr La Nifa events. Simulated SSTA are from the CCSM4 1300-yr-long control simulation. Observed SSTA are from
HadISST (Rayner et al. 2003) for the 1880-2010 period. SSTA are averaged over the 5°S-5°N equatorial band for
observations. The 2-yr La Nifia events are selected and composited following the methodology described in section 2d
for both observations and CCSM4. The number at the top of each panel indicates the number of 2-yr events out of the
total number of La Nifia events. The model composite is scaled by a factor of 1.3 to match the observed composite
amplitude of the Nifio-3.4 SST index in December of year 0.

and forced by constant preindustrial greenhouse gas con-
centrations. The simulated ENSO exhibits several features
observed in nature, such a 3-6-yr period, decadal varia-
tions in amplitude and frequency, stronger El Nifio com-
pared with La Nifa, and longer duration of La Nifia
compared to El Nifio (Deser et al. 2012). Although El Nifio
events appear to have different initiation mechanisms in
CCSM4 and observations (Deser et al. 2012), La Nina
events are driven by thermocline depth anomalies in both
CCSM4 and nature. Therefore, we consider the CCSM4
simulation sufficiently realistic to study the dynamics of the
multiyear persistence of La Nifia.

b. Observational datasets

The following observational datasets are used: 1) SST
from the Hadley Centre Sea Ice and SST dataset, version
1.1 (HadISST1.1), (Rayner et al. 2003) during 1880-2013
on a 1° X 1° longitude-latitude grid and 2) upper-ocean
temperature and surface wind stress from the European
Centre for Medium-Range Weather Forecasts (ECMWF)

Ocean Reanalysis System 4 (ORAS4) for the period
19602011 (Balmaseda et al. 2013). ORAS4 assimilates
temperature and salinity profiles and along-track altimeter-
derived sea level anomalies on a 1° X 1° longitude-latitude
grid with progressively finer latitude resolution (0.3°) in
the tropics and 42 levels in the vertical (18 of which are
in the upper 200m). The ORAS4 is driven by winds
from the 40-yr ECMWF Re-Analysis (ERA-40) until
1989, the Interim ECMWF Re-Analysis (ERA-Interim)
from 1989 to 2010, and the ECMWF NWP analysis
thereafter. ORAS4 also uses observed SST, sea surface
salinity, sea ice, and global-mean sea level to correct
biases in the heat and freshwater budgets.

c. Ninio-3.4 SST index

The Nifio-3.4 SST index is computed by averaging SST
anomalies over the Nifio-3.4 region located in the central
Pacific (5°S-5°N, 120°~170°W). All anomalies are com-
puted with respect to the monthly-mean seasonal cycle.
The Nifio-3.4 region is ideally located to capture SST
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FI1G. 2. Composite sea surface temperature (blue) and zonal-mean thermocline depth (red) anomalies for (a) 1-yr
and (b) 2-yr La Nifia events simulated by CCSM4. Month 0 coincides with the first-year peak of La Nifia. The sea
surface temperature anomalies are averaged over the Nifio-3.4 region (5°S-5°N, 120°~170°W). The thermocline depth
anomalies are zonally averaged across the equatorial Pacific (5°S-5°N, 140°E—80°W). Positive anomalies indicate
a deeper thermocline and negative anomalies indicated a shallower thermocline. Further details on the methodology
to compute anomalies and select 1- and 2-yr La Nifia events may be found in section 2.

variations associated with La Nifia events because their
amplitude is largest there. In addition, owing to the
presence of strong east-west gradients in both climato-
logical SST and thermocline depth, the central Pacific is
where coupling between SST, wind, and thermocline
anomalies—the Bjerknes feedback—is most effective
(Schopf and Suarez 1988). Interannual anomalies are
isolated after removing the climatological seasonal cycle
and smoothing using a fifth-order bandpass Butterworth
filter with cutoff frequencies of 2 and 0.1yr~' (6-month
to 10-yr periods).

d. Two-year La Nifia events

We identify La Nifia events by selecting local minima of
the Nifio-3.4 SST index exceeding 0.75 standard deviations
in magnitude. The standard deviation of the Nifio-3.4 index
in the 1300-yr CCSM4 control simulation is 0.99 K. Before
selecting the events, we smooth the Nifio-3.4 index using
a fifth-order bandpass Butterworth filter with cutoff fre-
quencies of 1 and 0.1 yr~*. This filter isolates interannual
signals by removing subseasonal and decadal variability to
unambiguously detect the minima associated with La Nifia
events. Only local minima occurring from October to
February are considered. To identify the first year of all La
Nifia events, we apply an additional criterion that the value
of the Nifo-3.4 SST index is greater than —0.5 standard
deviations 12 months before (e.g., not La Nifa). A total of
252 La Nifia events are identified in the 1300 years of
model data after applying these conditions. Then we select
La Nifa events lasting 2 yr or more (2-yr LN events) as
those exhibiting La Nifia conditions persisting into boreal

winter of the following year. We identify these events by
requiring that the Nifio-3.4 SST index be less than —0.5
standard deviation 12 months after the first-year peak of
La Nifa. A total of 90 events (35% of the La Nifia events)
satisfy this condition. We also identify 1-yr LN events by
requiring that the Nifio-3.4 SST index be greater than —0.5
standard deviations 12 months after the first-year peak of
La Nifa.

Persistent La Nifia events in the model occur in the
same proportion as those in nature based on the HadISST
data for the 1880-2013 period, during which 9 out of 26 La
Nifia events (35%) persisted for 2 yr or longer. Note that
50% of observed La Nifia events lasted 2yr or longer
during the 1950-2010 period (Okumura and Deser 2010).
This value is not inconsistent with the CCSM4 simulation
because the frequency of occurrence of simulated 2-yr LN
exhibits remarkable century-to-century variations. Ac-
cording to the CCSM4 long control run, intervals of 100 yr
exhibiting 50% of 2-yr LN events are not uncommon
(Fig. 3), with century-to-century variations ranging from
10% to 70%.

e. Zonal-mean thermocline depth

In the tropical Pacific, the depth of the 20°C isotherm
(D20) is often used to study interannual changes in the
depth of the thermocline Z,.. However, D20 is not a ma-
terial surface and can be influenced by diabatic processes
such as surface heating. This could become a problem in
the equatorial cold tongue where the thermocline is very
close to the surface and may be influenced by air-sea
buoyancy fluxes. Using the depth of an isotherm could also



1 OCTOBER 2014
%45
i)
o 40t
o
%35*
o
930*
2 257
o
& 20}
)
515
S 10t
3
£
=}
Z 0
0 10 20 30 40 50 60 70 80

% of events lasting 2 years

FIG. 3. Histogram of the percentage of La Nifia events lasting two
years in overlapping 100-yr periods from the CCSM4 1300-yr
control simulation.

be problematic in climate models because the 20°C iso-
therm may not necessary lie within the model’s
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The definitions of the variables in (1) follow the convention
where primed variables are anomalies with respect to
the climatological monthly-mean seasonal cycle (overbar
variables). We neglect several temperature advection terms,
such as meridional advection and most nonlinear terms,
because their interannual variability is small. Both tendency
and advection terms are integrated over a constant-depth
layer of thickness H, which is taken to be 20m below the
base of the ocean mixed layer (similar results are obtained
using 10-30m). For the Nifio-3.4 region, the base of the
mixed layer is approximately 80m; thus, we select H =
100m. The term [7”] is the ocean temperature anomaly
averaged over depth H. Selecting H below the base of the
mixed layer allows us to neglect the effect of subgrid-scale
(SGS) processes, such as wind-driven mixing and entrain-
ment and sunlight penetration on [7”]. Our rationale for this
approximation is as follows: These are first-order processes
within the ocean mixed layer, but their importance de-
creases with depth. The effect of these processes on 7’ is
represented as the convergence of a heat flux (Fy, and Fg,),
and therefore their vertical integral in (1) reduces to the
value of Fy, and Fy, at z = H multiplied by the layer
thickness H. The Fy, and F, are negligible at z = H [not
shown here, but see Fig. Al in DiNezio et al. (2009)] and
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thermocline owing to model biases. For these reasons,
we define Z. as the depth of the maximum vertical
temperature gradient. We define a zonal-mean ther-
mocline index (Z],) by averaging Z{. over the equatorial
Pacific defined as 5°S-5°N, 140°-80°W. Interannual
anomalies are isolated after removing the climatological
seasonal cycle and smoothing using a fifth-order band-
pass Butterworth filter with cutoff frequencies of 2 and
0.1yr~ ! (6-month to 10-yr periods).

f- Heat budget

We perform a heat budget analysis in order to diagnose
the physical processes involved in the persistence and ter-
mination of La Nifia. The methodology used to estimate the
different terms of the temperature equation has been used
to study ENSO dynamics in coupled GCMs (DiNezio et al.
2009, 2012; Capotondi 2013). The most important feature
of this methodology is that a nearly balanced heat budget
can be obtained using monthly-mean three-dimensional
velocity (u, v, w) and temperature (7) fields. Our analysis
of the full heat budget shows that for interannual anomalies
the heat budget can be approximated by

oT T’ T’
! w + u’—) dz + Q- (1)

3—Z 0x

thus we neglect their associated heat flux convergence in
(1). At the same time, averaged over the Nifio-3.4 region,
[T'] approximates the Nifio-3.4 SST index very well (cor-
relation = 0.98; slope = 0.96). The heat budget in (1) is
completed with Q) , the net air-sea heat flux (positive into
the ocean). The remaining constants are pg, a reference
density of seawater, and c,, the specific heat of seawater.

Throughout this study, we focus on the heat budget terms
averaged over the Nifio-3.4 region because this is where the
Bjerknes feedback is strongest and therefore where non-
linearities in the ENSO feedbacks will influence the dy-
namics of La Nifia. The Nifio-3.4 time series of each term of
(1) are smoothed using a bandpass filter with cutoff fre-
quencies between 2 and 0.1 yr ' (6-month to 10-yr periods)
in order to isolate the effect of these tendencies on in-
terannual SST variability. Averaged over Nifio-3.4 region,
the left-hand side (lhs) and right-hand side (rhs) of (1) ex-
hibit a correlation of r = 0.93 over the full 1300-yr CCSM4
dataset. Therefore, (1) is a very accurate approximation of
the full SST equation.

3. Nonlinearities in the ENSO heat budget

In this section, we show that the advection terms of (1)
are related to ENSO feedbacks in the following way.
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FIG. 4. Nonlinearities in the terms of the heat budget. Scatterplots between SST anomalies averaged over the Nifio-
3.4 region (x axis) and (a) the advection of the climatological temperature gradients by zonal and vertical velocity
anomalies (Q), + Q,,), (b) the advection of the vertical temperature gradient anomalies by the climatological up-
welling (Qy.), (c) air-sea fluxes (QY,), and (d) nonlinear zonal advection (QY,) (y axis). The Qy_ is plotted against the
lagged SST anomalies [7'(t — ty)] since it leads SST anomalies by about #, = 6 months. Colors indicate calendar
months in order to highlight the seasonal modulation of the nonlinearities of the heat budget terms. Further details on

the methodology to compute the anomalies may be found in section 2f.

(i) The advection of the climatological temperature
gradient by vertical velocity anomalies (Q), =
—poCp jf 1, W9T/9z dz) and part of the temperature
advection by zonal current anomalies (Q)
—PoCp IEH u'9T/9x dz) represent a positive feed-
back because they are positively correlated with
Nifio-3.4 SST anomalies (denoted as 7" for consis-
tency with the figures).

The advection of the temperature anomalies by cli-
matological upwelling (Q;. = —pyc) J’E y woT'loz dz)
and part of the temperature advection by zonal
current anomalies (Q/,) represent a delayed negative
feedback because they are in quadrature with 7’
(i.e., positively correlated with Z. anomalies).

(ii)

Further details on the evolution of Q! and Q.
during the simulated La Nifia are provided in
appendix A.

(iii) Net air-sea heat flux (Q,,,,) is anticorrelated with
T’ and therefore represents a negative feedback.

(iv) Nonlinear zonal advection (Q, = —pyc, |° quoT'
dxdz) is anticorrelated with 7’ but only for El
Nifio events, and it therefore represents a negative
feedback.

These correlations are clearly seen in scatterplots of
the different terms of the heat budget (1) versus the
Nifio-3.4 SST anomalies (Fig. 4). The Q) and Q), are
positively correlated with Nifio-3.4 SST anomalies, but
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in a markedly nonlinear way. The Q/, + Q) anomalies
are much larger for El Nifio (77 > 0) than for La Nifia
(T" < 0) (Fig. 4a). This nonlinearity appears to be re-
lated to the response of zonal winds (the driver of /'
and w'), which is stronger for positive 7’ than for
negative T’ (not shown). This wind—-SST nonlinearity
has been linked to the effect of background SST on the
convective response, which leads to a much larger
convective response for warm anomalies (Hoerling et al.
1997; Kang and Kug 2002; Frauen and Dommenget 2010).
The strength of the associated positive feedback (given
by the slope of the scatterplot) appears to be modulated
by the seasonal cycle, with the largest values in boreal
summer (June-August) (Fig. 4a: light blue and blue
dots).

The advection of vertical temperature anomalies by
the climatological upwelling Q; is anticorrelated with
T’ at a lag ty of 6 months (computed by optimizing the
lagged correlation between Z;_ and T"). The scatterplot
(Fig. 4b) shows that Q). becomes negative 6 months
after El Nifio [T'(t — ) > 0] and, conversely, Q;. be-
comes positive 6 months after La Nifia [T'(t — t5) < 0].
This delayed response drives a negative 7" tendency that
acts as a negative feedback. The dependence of Q;. on
T'(t — to) is also markedly nonlinear, with a much larger
magnitude of Q) in response to El Niflo [77(t — y) > 0]
than to La Nifia [T'(t+ — t5) < 0]. The relationship
between Q;. on T'(t — t) also exhibits seasonal de-
pendence: it is largest during boreal spring (April-June:
green dots), when the climatological upwelling w is
strongest, and smallest during boreal fall and winter
(September—January, purple and red dots) when W is
weakest (not shown).

Thermocline anomalies play a role in both the positive
Bjerknes feedback and the negative delayed thermocline
feedback. The effect of the thermocline on these feed-
backs is spatially dependent. Thermocline anomalies
contribute to the Bjerknes feedback in the eastern Pacific
where it deepens (shoals) during El Nifio (La Nifia) as the
east—west tilt of the thermocline relaxes (strengthens) in
response to weaker (stronger) trade winds. This response,
however, is negligible in the central Pacific (i.e., the Nifio-
3.4 region) because this region straddles the centers of
action of the thermocline tilt. In contrast, the delayed
negative effect has an effect on the central Pacific because
it is associated with thermocline anomalies that are zon-
ally uniform. This explains why Q). averaged over the
Nifio-3.4 region is anticorrelated with 7'(t — t;), consis-
tent with the negative delayed thermocline feedback, but
exhibits a low correlation with 7”7 as expected from the
positive Bjerknes feedback.

Note that the scatter in Fig. 4b is mostly due to seasonal
modulation of Q;, by w. When the results are stratified by
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calendar month, the anticorrelation between Q;, and 7"
(t — tp) is more evident (r < —0.9), with pronounced
nonlinearity from January to June (Fig. B2). For in-
stance, during March the Q. associated with 7" = 2K is
about —50 Wm ™2, while for 7" = —2K Q) is only about
30 W m™? (Fig. B2). This asymmetry in the Q) response
between El Nifio and La Nifia results mainly from non-
linearities in two processes: 1) the wind—SST nonlinearity
discussed above, since a weaker wind anomaly for a given
T’ would lead to a weaker delayed Z;_ response, and
2) the influence of thermocline anomalies on the near-
surface stratification anomalies (97'/dz). The effect of
these nonlinearities on the delayed thermocline feedback
will be discussed in section 6a.

The dependence of the air-sea heat fluxes (Q),,,) on
T' is also nonlinear, with a much stronger response for
El Nifio (7’ > 0) than for La Nifna (7" < 0) (Fig. 4c). The
Q! is largest during boreal spring (March-May) when
the climatological SST gradient is weakest and back-
ground SSTs are seasonally warmer (Fig. 4c, yellow—
green dots). Conversely, Q) is smallest during boreal
fall (September—October), when the climatological SST
gradient is strongest and background SSTs are season-
ally colder (Fig. 4c: blue dots). Analysis of cloud prop-
erties over the Nifio-3.4 region suggests that the
nonlinearity of Q) is intimately related to shifts in
cloud type, from high (deep) clouds during El Nifio to
low clouds during La Nifia (not shown). High clouds
exert a negative feedback on SSTs, while low clouds
exert a positive feedback: hence, the asymmetric Q)
response. This asymmetry arises because the Nifio-3.4
region is located between areas of very distinct cloud
types: high clouds toward the west and low clouds to-
ward the east. Therefore, SST variations through the
ENSO cycle can shift these cloud regimes eastward or
westward, changing the cloud type over the Nifio-3.4
region and hence the Q) response (Bellenger et al.
2014; Dommenget et al. 2014). Last, the dependence of

', on 7" is markedly nonlinear because this term is the
product of u’ and 9T’/dx, which are both governed by the
wind-SST nonlinearity: hence, the pronounced non-
linearity of Q! (Fig. 4d). Because of this, Q! acts as
a very effective negative feedback affecting strong El
Nifio events only.

4. Nonlinear delayed oscillator
a. Growth and damping rates

In this section, we develop a nonlinear version of the
SS88 and BHS89 delayed oscillator in order to study the
effect of nonlinear ENSO feedbacks on the duration
of La Nifa. The nonlinear delayed oscillator equation is
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T’
W a7 =T (1= 1))~ T —dT' + N, (2)

where T’ represents SST anomalies averaged over the
Nifio-3.4 region, f, (the lag at which the anticorrelation
between Z, and 7" is at maximum) is 6 months, and N(7)
is stochastic forcing that is uncorrelated with 7”. Unlike
the SS88 and BH89 DO, where the a, b, ¢, and d co-
efficients are constants, here they are nonlinear func-
tions of 7" [or T'(¢t — ty)] and calendar month. These
dependencies allow the feedbacks of (2) to capture the
asymmetries and seasonal dependence seen in the dif-
ferent terms of the CCSM4 ENSO heat budget. A sim-
ilar methodology was used by Timmermann et al. (2001)
and Timmermann (2003); however, the coefficients were
not based on heat budget data, nor did they include
seasonality.

The function a captures the effect of processes positively
correlated with 77, such as Q/, and Q/, ; function b captures
the processes anticorrelated with T”(¢ — f;), such as Q), and
Q\.; and function ¢ captures the damping effect of air—sea
fluxes on 7. Note that, in the SS88 and BH89 DO, the
atmospheric damping term takes the form —c7"* (where ¢
is a positive constant), which is nonlinear but symmetric
and thus unable to capture the asymmetries in atmospheric
damping seen in CCSM4 (recall Fig. 4c). We also include
in (2) the term d7” to capture the effect of the nonlinear
advection term u'd7"/9x, which becomes large and nega-
tive for the strongest El Nifio events, effectively acting as
additional negative feedback. We include noise N(), an-
ticipating the possibility that external stochastic forcing is
required to excite NDO variability.

We derive a and b by fitting O/, Q),, and Q. to expo-
nential functions of the form f,,,(f) = Cyexp(GT) + Cs
exp[C4T"(t — to)] + Cs. The fitting functions are dependent
on both 7" and T'(t — t) in order to capture the mixed
contributions from the Bjerknes feedback and the delayed
thermocline feedback seen in the Q/, and Q}, terms of (1).
We perform these fits for each calendar month m in order
to capture the seasonal dependence seen in the heat
budget terms (Fig. 4). We group the terms of each function
fin that depend on 7" and on T"’(¢ — to) in order to obtain
the function corresponding to a7’ and —bT'(t — 1), re-
spectively. Last, we compute the growth rates a and b di-
viding by 7" and T"(t — t). We follow a similar procedure
to compute ¢ and d, which we derive by fitting Q!
and Q! to exponential functions of the form f,,(f) =
Ciexp (C,T") + C; given that these terms depends solely
on 7". Further details on the derivation of these functions
using the heat budget terms is provided in appendix B.

The resulting feedback functions are nonlinear, asym-
metric, and seasonally dependent and represent growth
rates in the case of a and damping rates in the cases of b, c,
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and d. The a function—the Bjerknes feedback growth
rate—exhibits a pronounced asymmetry between EI
Nifio and La Nifia, with much large growth rates for El
Nifio (7”7 > 0), in addition to being strongly modulated by
the seasonal cycle (Fig. 5a). The b function—the delayed
thermocline feedback damping rate—is also asymmetric,
with La Nifia events exhibiting much weaker damping
rates than El Nifio (Fig. 5b). Atmospheric damping rates ¢
are also asymmetric between El Nifio and La Nifia owing
to the asymmetric response of high and low clouds dis-
cussed in section 3 (Fig. 5c). Nonlinear advection d is
a negative feedback for the strongest El Nifio events
(Fig. 5d). Last, a, b, ¢, and d are also functions of calendar
month so as to capture the seasonal dependence seen in
the heat budget. However, as we will show, the season-
ality of the feedbacks is not required for 2-yr La Nifia
events to occur. This seasonal modulation of the ENSO
feedbacks allows the NDO to simulate the winter-to-
winter reemergence of La Nifia seen in CCSM4 and in
nature.

When we combine the growth and damping rates
correlated with 7", we obtain a total ENSO growth rate
v =a + ¢ + d. The value of vy is positive during late
summer, indicating favorable conditions for the de-
velopment of SST anomalies, and negative during late
winter/spring (Fig. 5e), thus explaining the seasonal
modulation of ENSO variance. Stein et al. (2010) also
found seasonal modulation in a recharge oscillator
model derived from observations; however, their linear
model is unstable (i.e., y > 0) during a much shorter
period from August to November, in contrast to our
NDO, which is unstable from April to October. Our
estimate of the nonlinear ENSO growth rate derived
from CCSM4 becomes negative for 77 > 3 (owing to the
effect of —d), thus representing a limit on the ENSO
instability. Including nonlinearities and seasonality
leads to a more rich interaction of the ENSO instability
with external noise. In the next subsection, we show that
the NDO requires external stochastic forcing to exhibit
variability. Thus, despite being unstable over a wide
region of parameter space (Fig. 5e, y > 0), the NDO
cannot produce a self-sustained ENSO oscillation. This
could explain why our results differ from previous
studies, which generally found negative growth rates
(i.e., a damped ENSO), possibly because they did not
consider seasonality or nonlinearity (e.g., Burgers et al.
2005; Kim and Jin 2011).

b. Effect of external noise

The NDO is completed by determining N(t), which we
define as N(f) = mol'(¢), where 7, is a constant to be
determined and I'(¢) is Gaussian white noise with zero
mean and unit standard deviation. We explored the
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FIG. 5. Growth and damping rates (yr '; colors) governing the nonlinear delayed-oscillator equation (2) as
a function of the Nifo-3.4 SST anomalies (x axis) and calendar month (y axis). (a) Growth rate a associated with the
Bjerknes feedback. Damping rates (b) b, (c) ¢, and (d) d associated with the delayed thermocline feedback, atmo-
spheric damping, and nonlinear advection, respectively. (e) Total growth rate y resulting from the combined effect of
the positive Bjerknes feedback and the negative atmospheric damping and nonlinear advection feedbacks, a measure
of the NDO's instability. Positive (negative) values indicate unstable (damped) growth of Nifo-3.4 SST anomalies.

sensitivity of the NDO to stochastic forcing N(f) by
performing a series of simulations with 7y increasing
from 0 to 0.4 K month ™ ’. For each value of 1, we com-
pare the interannual standard deviation of the CCSM4
Nifio-3.4 index with the ensemble-mean standard de-
viation simulated by the NDO in an ensemble of 20 re-
alizations run for 1300 years each. Increasing the value of
1o leads to a monotonic increase in NDO amplitude,

measured by the interannual standard deviation. At
a value of 1y = 0.23 Kmonth !, the NDO has an in-
terannual standard deviation of 1.00 = 0.05 K, which is
virtually equal to that of CCSM4 (0.99 K).

That the variability of the NDO increases with the
amplitude of the external noise suggests that the NDO
resides in a stable regime; that is, external forcing is
required for the NDO to exhibit variability. This is
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consistent with the CCSM4 ENSO, which also appears
to reside in a stable regime. The simulation of ENSO in
the National Center for Atmospheric Research
(NCAR) models has improved dramatically in this
sense. For example, ENSO exhibited a biennial self-
sustained oscillation in CCSM3, a previous version of
the model. However, since version 3.5, CCSM repre-
sents ENSO as a series of events, owing to improved
simulation of the meridional extent of the wind anom-
alies and their associated ocean response (Neale et al.
2008). In the real world, warm events also appear to
arise from a stable basic state excited by stochastic
forcing (Penland and Sardeshmukh 1995; Thompson
and Battisti 2001; Kessler 2002). The initiating process
involves subseasonal variability associated with the
Madden-Julian oscillation (MJO) and westerly wind
bursts (e.g., McPhaden and Yu 1999; Vecchi and
Harrison 2000) but seems independent of ENSO or
background state. More sophisticated representations of
stochastic forcing have been proposed (e.g., Eisenman
et al. 2005; Jin et al. 2007); however, our choice of white
Gaussian noise with a 1-month decorrelation time scale
produces an adequate simulation of the CCSM4 ENSO,
given the simplicity of the model. Therefore, nonlinear
and seasonally dependent feedbacks excited with
Gaussian white noise appear to be the most parsimoni-
ous model of CCSM4’s La Niiia. For this reason, we use
the o = 0.23Kmonth ™! version of the NDO to study
the dynamics of La Nifia, forgoing a systematic explo-
ration of the full parameter space of the interaction of
noise with nonlinearities.

c. Agreement with CCSM4

After this simple fit of 7, the NDO simulates several
key ENSO features in quantitative agreement with
CCSM4. The ENSO variance exhibits seasonal modu-
lation as in CCSM4, with variability reaching a maxi-
mum during early boreal winter, and a minimum during
early boreal summer (Fig. 6a). This feature of the NDO
is strongly tied to the seasonal modulation of total
ENSO growth rate v, which is positive during boreal
fall and negative during spring (Fig. 5¢). The NDO and
CCSM4 simulate El Niflo events with larger amplitude
than La Nifia events, as shown by the positive skewness
of 0.20 = 0.07K and 0.19K, respectively. The large
range of skewness values simulated by each realization
of the NDO suggests that, while the skewness may be
determined by the asymmetry of the Bjerknes feedback,
very large variations in this statistic are possible, even in
1300-yr-long simulations with constant amplitude noise
and with stationary feedbacks.

The NDO simulates a spectrum of variability with
a shape and amplitude in excellent agreement with
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CCSM4 (Fig. 6b). The NDO simulates a broad spectral
peak centered at a 3-yr period, which is shorter than the
observed peak centered at 4yr but equal to that in
CCSM4. The NDO has too much power at lower fre-
quencies, suggesting that other processes beyond tropi-
cal dynamics may be influencing tropical Pacific decadal
variability in CCSM4 or that our estimates of growth
and damping rates are only valid for interannual time
scales and these rates may be time-scale dependent.

The NDO also simulates La Nifia events lasting 2 yr in
about the same proportion as in CCSM4: 35% of La
Nifia events are 2-yr events in CCSM4, compared to
30% in the NDO (Fig. 6¢). However, the NDO simulates
a larger fraction of La Nifia events lasting 3 yr or longer
(12%) compared to CCSM4 (2%). Finally, the temporal
evolution and amplitude of 2-yr LN events simulated by
the NDO are in good agreement with CCSM4, including
the reemergence in the second winter (Fig. 6d).

5. Multiyear persistence of La Nifia

All of the nonlinearities of the ENSO feedbacks en-
capsulated in the NDO could potentially lead to multiyear
persistence of La Nifia. For instance, the atmospheric
damping rate ¢ shows less effective damping of negative
SST anomalies compared to positive ones [Fig. 5¢, T"(t —
fp) < 0], potentially leading to increased persistence of La
Nifa. The delayed thermocline feedback b also shows less
effective damping rates b as La Nifla events become
stronger (Fig. 5b), and could also make strong La Nifia
events last longer. We use the NDO to perform a series of
simulations with the objective of isolating the processes
responsible for the multiyear persistence of La Nifia. First,
we estimate linear feedback functions by fitting the heat
budget terms following the procedure outlined in appendix
B but using linear functions of 77 and 7"’ (¢ — t,) instead of
exponentials. Then we perform a series of NDO simula-
tions with different combinations of linear and nonlinear
feedback functions.

The simulations show that the NDO is unable to simu-
late 2-yr La Nifia events when all feedbacks are linear but
also when the a and ¢ functions are nonlinear (and the
b function is linear; Fig. 7; yellow, purple, and blue bars).
This suggests that the nonlinearities in the Bjerknes feed-
back and in the atmospheric damping do not play a role in
the persistence of La Nifia. In contrast, only when the
b function is nonlinear, the NDO simulates La Nifia events
lasting 2yr in about the same proportion as in CCSM4
(Fig. 7, green bars). This behavior is related to the weaker
damping rates for strong La Nifia [Fig. 5b, T"(t — o) < 0].
Because the negative delayed thermocline feedback does
not increase proportionally with the strength of La Nifia,
these events have to sit longer in order for the weaker
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FIG. 6. Nifio-3.4 metrics simulated by the NDO (red) compared with the CCSM4 preindustrial control simulation

(blue). (a) Seasonal dependence of the standard deviation, (b) spectrum, (c) duration of La Nifa events, and
(d) composite evolution of 2-yr La Nifia events. The NDO metrics are computed from an ensemble of 20 of the
1300-yr-long simulations with 7, = 0.23 K month ™! that match the standard deviation of the CCSM4 Nifio-3.4 index.

Dotted lines indicate the minimum-maximum range estimated from the ensemble.

damping rates to drive SSTs back to neutral conditions.
This mechanism allows La Nifia events to persist beyond
boreal winter into spring, and are thus amplified during late
summer/early fall when the total ENSO growth rate re-
turns to positive values (Fig. Se).

The spectrum of NDO variability also appears to be
remarkably sensitive to the nonlinearity of the delayed
thermocline feedback. Linear b reduces the ENSO period
from 3 to about 2 yr (Fig. 8, yellow line), while nonlinear
b increases the period to 5yr (Fig. 8, green line). The in-
creased ENSO period could result from the persistence of
La Nifia; however, it could be also related to the initiation
of El Nifo, which is also governed by the thermocline
nonlinearity. In other words, after La Nifia, the weaker
b damping rates associated with 7’(t — t5) < 0 (Fig. 5b)
reduce La Nifia’s ability to trigger a subsequent El Nifio,

resulting in a longer interval between ENSO phases. This
lengthening of the ENSO period due to a weaker delayed
thermocline response is easily understood in the frame-
work of the J97 recharge oscillator. The —bT'(t — t,) term
of our NDO is equivalent to the RO’s vyh,, term, which
governs the frequency of the recharge—discharge oscilla-
tion. An increase in vy results in a decrease in the frequency
(longer period) of the ENSO oscillation. Therefore,
a weakening of this term—in a nonlinear sense—can result
in a longer ENSO period.

6. Delayed thermocline feedback nonlinearity

a. Nonlinear processes

What are the physical processes that prevent the delated
thermocline response from increasing proportionally with
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FIG. 7. Duration of La Nifia events simulated by the NDO for
different combinations of linear and nonlinear feedbacks as in-
dicated in the legend. Colored bars show the mean values from the
ensemble of 20 realizations and the error bars show the minimum-
maximum range.

the magnitude of La Nifia? Our analysis of the non-
linearities in the heat budget showed that the magnitude of
Q. quickly saturates as La Nifia events become stronger
[Fig. 4, T'(t — ty) < 0]. Thus, the nonlinearity of the de-
layed thermocline feedback must result from any of the
physical processes linking Q;, with 7'(¢t — t):

(i) the response of the trade winds to SST anomalies,
(ii) the delayed response of the thermocline to changes
in the trade winds, and
(iii) the effect of changes in the depth of the thermo-
cline and the thermal stratification at the base of
the mixed layer.

These processes link the SST anomalies at the peak of
La Nifia [T(¢ — t,)] with the anomalous advection of the
vertical temperature gradient by climatological upwell-
ing (Q;.) 6 months later, which represents a tendency
opposing the initial SST anomaly, thus closing the neg-
ative feedback loop.

We explored the relationships among these variables
in both CCSM4 and reanalysis data in order to de-
termine which of the processes are responsible for the
nonlinearity in the delayed thermocline feedback and,
hence, the multiyear persistence of La Nifia. The re-
sponse of the trade winds—measured by the anomalies
in zonal wind stress averaged over the Nifio-3.4 region
(7"*)—exhibits a marked nonlinear behavior in both
CCSM4 preindustrial simulation (Fig. 9a) and the
ORAS4 data (Fig. 9¢). In both the simulated and the
reanalysis data, El Nifio events exhibit larger zonal wind
stress anomalies than La Nifia events for SST anomalies

JOURNAL OF CLIMATE

VOLUME 27
frequency(year')
1 0.1 0.01
151 : = All nonlinear feedbacks
. All linear feedbacks
Nonlinear Bjerknes
Nonlinear thermocline
—— Nonlinear atmospheric damping

T

= 1t

a

(%]

o

x

>

[&]

c

g

o 0.5+

(]

&=

0

10° 10" 102

period (year)
FIG. 8. Ensemble-mean 7" spectra simulated by the NDO for

different combinations of linear and nonlinear feedback functions
as indicated in the legend.

of the same magnitude. This wind—-SST nonlinearity
has been linked to the effect of background SST on
the convective response of the tropical atmosphere
(Hoerling et al. 1997) and invoked to explain asymme-
tries between the amplitude of El Nifio and La Nifa
(Kang and Kug 2002) and also in their duration
(Okumura et al. 2011; Choi et al. 2013; Dommenget
et al. 2013).

The delayed response of the thermocline—measured
by the depth of thermocline averaged along the equa-
torial waveguide (Z; )—appears to be linearly related to
the lagged wind anomalies [T (¢ — £)] in both CCSM4
(Fig. 9b) and ORAS4 (Fig. 9f). This linear relationship is
consistent with linear wave theory, which accurately
explains the adjustment of the equatorial ocean to
changes in the trade winds in climate models and ob-
servations (Yu and McPhaden 1999). Thus, the non-
linearity of the delayed thermocline feedback does not
appear to be caused by the response of the depth of the
thermocline to changes in the trade winds.

Nonlinear behavior could also arise from the coupling
of the thermocline and the mixed layer. The response
of the stratification at the base of the mixed layer—
measured by the temperature difference between the
surface and at a depth of 100m (AT}, )—exhibits a
marked asymmetry between El Nifio and La Nifia both in
CCSM4 (Fig. 9c) and in ORAS4 (Fig. 9g). Because La
Nifia events have a weaker stratification response than El
Nifio events of the same magnitude, this nonlinearity
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et al. 2013) for the 1960-2011 period.

could also lead to a less effective delayed thermocline
feedback. Moreover, the fact that AT}, never exceeds 2K
in both CCSM4 and the reanalysis data is highly sugges-
tive that there could be a limit for the magnitude of AT},
that a locally deeper thermocline anomaly can drive
(Figs. 9c.g; Z/c > 0). Note that we use the Nifio-3.4 av-
eraged Z,c instead of the Z/c; however, these two variables
are in phase and highly correlated due to the fact that the
Niflo-3.4 region straddles the nodal line of the thermocline
tilt, therefore capturing mainly zonal-mean variations in
the depth of the thermocline (not shown). In the next
subsection, we explore the dynamics of this response in
more detail.

b. Thermocline-SST coupling

Coupling between local variations in the depths of the
thermocline and the mixed layer is one of the key pro-
cesses responsible for the nonlinearity of the delayed
thermocline feedbacks. The evolution of subsurface
temperature anomalies shows key differences in this
relationship for 1-yr and 2-yr La Nifia events. In both
cases, subsurface temperature anomalies associated with

which is zonally averaged across the equatorial Pacific as described in section 2e. Reanalysis data are from ORAS4 (Balmaseda

thermocline depth variations (i.e., equatorial heat con-
tent) lead the transition from El Nifio to La Nifia
(Figs. 10a,c). These displacements of the thermocline
are accompanied by stratification anomalies at the base
of the mixed layer: for example, when the thermocline
deepens, the stratification at the base of the mixed layer
is weaker (Figs. 10b,d).

That 1-yr and 2-yr events exhibit stratification anom-
alies of the same magnitude is also suggestive that there
is a limit to how effective the delayed thermocline
feedback is. After the peak of the 1-yr La Niiia, the re-
duced stratification associated with a deeper thermocline
still influences the mixed layer (Fig. 10b, 0 < month < 6).
The associated anomalous vertical advection drives
a positive temperature tendency that contributes to the
demise of the event. A similar response occurs after the
peak of the 2-yr La Nifia; however, the reduction in
stratification has the same (or even smaller) magnitude
than for 1-yr events (Fig. 10d, 0 < month < 6). For 2-yr
LN, the ability of the deeper thermocline anomalies to
influence the stratification at the base of the mixed layer
does not increase further than for 1-yr LN (e.g., Fig. 2b).
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FIG. 10. Composite evolution of (top) subsurface temperature and (bottom) stratification anomalies averaged over
the Nifio-3.4 region for (left) 1-yr and (right) 2-yr La Nifia events. The dashed-dotted line is the depth of mixed layer
computed as the depth where temperature is 0.5 K less than that at the surface. The dashed line is the depth of the

thermocline, as defined in section 2d.

In order for the delayed thermocline feedback to ter-
minate La Nifia in one year, the magnitude of these re-
duced stratification anomalies should increase linearly
with the magnitude of the SST anomalies. However,
owing to this limit on the thermocline’s ability to in-
fluence the stratification anomalies at the base of the
mixed layer, a second year with deeper thermocline
anomalies is required for a strong La Nifia to return to
neutral.

This limit appears to arise from the interaction of the
thermocline with the mixed layer. The mixed layer depth
(MLD) and thermocline depth (Z,) are governed by
different processes leading to the asymmetry in the
AT;,, — Z;. response. The MLD is determined by local
turbulent and heat fluxes at the sea surface, while Z,. is
driven by local and remote wind forcing (Cane and
Zebiak 1985; Wyrtki 1985; Zebiak 1989). This could
result in asymmetries in their coupling when the ther-
mocline shoals or deepens. For instance, shoaling of the
thermocline is able to drive large AT}, because it ef-
fectively entrains cold thermocline waters into the
mixed layer. This effect is not limited—in fact, it be-
comes more pronounced—as the thermocline shoals. In
contrast, deepening of the thermocline decouples the
thermocline waters from the mixed layer. That is,
a deeper Z;, becomes increasingly ineffective at de-
training cold waters from the mixed layer. This mecha-
nism appears to be responsible for the nonlinear
coupling between AT}, and Z;_ shown in Figs. 9 and 10.
This nonlinearity only occurs in the central Pacific—
both in CCSM4 and in nature—because this is the region
where the climatological MLD is shallower than the

thermocline. The dependence of AT}, on Z; becomes
linear toward the eastern Pacific as the thermocline and
the mixed layer merge.

The model of Zebiak and Cane (1987, hereafter
ZC87) implements a parameterization for the tem-
perature of the entrained water that leads to a similar
nonlinearity between AT}, and Zi_. In this parame-
terization, however, the effect of a deeper or shallower
Z;. on AT}, is symmetric, and both cases saturate as Z;,
become too shallow or too deep. This nonlinearity acts
as nonlinear damping in the ZC87 model, keeping
ENSO events from growing indefinitely. Furthermore,
in the ZC87 model the nonlinearity is more pro-
nounced in the eastern equatorial Pacific, and only very
large events enter the nonlinear regime. In contrast,
most La Nifia events may operate in the nonlinear re-
gime in CCSM4 and nature, as shown by the pro-
nounced flattening of the AT}, -Z; dependence
(Figs. 9¢,g).

7. Discussion

a. Nonlinear controls on the multiyear persistence of

La Nifia

We identified two nonlinear processes controlling the
multiyear duration of La Nifa: 1) the response of the
equatorial trade winds to SST anomalies and 2) the ef-
fect of changes in the depth of thermocline on the
stratification at the base of the mixed layer. Previous
studies have focused on the first process, showing that
a realistic wind—-SST nonlinearity is capable of producing
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FIG. 11. Scatterplots showing the relationship between, on the y axis, Nifio-3.4 SST anomalies 12 months after the first-year peak of La

Nifia (SSTA™'?) and, on the x axis, (a) zonally averaged thermocline depth anomalies 6 months prior (Z. *®), (b) Nifio-3.4 SST anomalies
12 months prior (SSTAY; i.e., at the first-year peak of La Nifia), and (c) zonally averaged thermocline depth anomalies 18 month prior
(Z%). Both La Nifia events lasting 1 yr (SSTA™!?> > —0.5K) and 2 yr or longer (SSTA™'? < —0.5 K) are shown. The correlation coefficient

r between the two variables is indicated in each panel.

persistent La Nifia events (Okumura et al. 2011; Choi
et al. 2013; Dommenget et al. 2013); however, they also
conclude that this nonlinearity alone does not produce
as many persistent La Nina events as observed (Choi
et al. 2013). Similarly, 2-yr La Nifia events are not as
common as in CCSM4 in the model of Dommenget et al.
(2013). This can be seen in their Fig. 11b, which does not
show a clear La Niia signal during the second year, in
contrast to the composite derived from observations and
CCSM4 (Fig. 1).

Our results show that the second process—the ther-
mocline nonlinearity—is also required to simulate the
correct proportion of 2-yr La Nifia events. Munnich
et al. (1991) also found that cold events last longer
when a similar piecewise nonlinearity is included in
their ENSO model. Reanalysis data also show evidence
for the thermocline nonlinearity (Fig. 9g), which,
combined with the wind-SST nonlinearity (Fig. 9¢),
lead to a highly nonlinear Qj. (Fig. 9h), the key term
contributing to the delayed thermocline feedback.
Therefore, it is very likely that both nonlinearities play
a key role in the occurrence of 2-yr La Nifia events in
nature.

b. ENSO period

The origin of the rather long ENSO period compared
with the time scale of the thermocline adjustment has
been a matter of debate (e.g., Schopf and Suarez 1990;
J97). Our NDO simulations show that, in the stable re-
gime, the thermocline nonlinearity has a direct impact
on ENSO period by lengthening and broadening it.
This process offers an alternative explanation for these
characteristics of the observed ENSO. The persistence

of La Nifia events would also affect the power spectrum
of ENSO. However, the thermocline nonlinearity could
also have an influence on the initiation of El Nifio events,
having an effect on how often they occur. Positive Zc
also leads the initiation of El Nifio events; therefore, the
saturation of AT, for large positive Z;, could also
be disfavoring the triggering of El Nifio events. Because
our NDO is in the stable regime, we do not find evidence
for chaos-induced period doubling as found by other
studies using similar simple models (Munnich et al.
1991). However, given that ENSO appears to operate
in a nearly stable regime (Penland and Sardeshmukh
1995; Thompson and Battisti 2001), our results sug-
gest that the thermocline nonlinearity could be con-
tributing to the rather long ENSO period observed in
nature.

c. Precursors

Based on the dynamical understanding presented
above, we have begun to explore precursors for the
return of La Nifa in the second year. Heat content
anomalies associated with variations in the depth of
the thermocline are typically indicative of future SST
anomalies with a lead time of 2-3 seasons. However,
the depth of thermocline 6 months after the first peak
of La Nifla does not appear to be correlated with SST
anomalies (r = 0.02) in the second year (Fig. 11a). In
contrast, the magnitude of the negative SST anomalies
during the first year of La Nifia exhibits a larger corre-
lation with the SST anomalies (r = 0.36) in the second
year (Fig. 11b). This is consistent with the idea that
a stronger La Nifia will tend to persist longer than
a weaker one (Hu et al. 2013). Our dynamical analysis
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F1G. Al. Composite of thermocline (Q;; red), zonal advection (Q/,; green), and upwelling (Q),; magenta) terms of
the linearized heat budget for (a) 1-yr and (b) 2-yr La Nifia events simulated by CCSM4. Month 0 coincides with the
first-year peak of La Nifia. The sea surface temperature anomalies and the heat budget term are averaged over the
Nifio-3.4 region (5°S-5°N, 120°~170°W). Further details on the methodology to compute anomalies and select 1-yr

and 2-yr La Nifia events may be found in section 2.

indicates that the rate at which heat content is re-
plenished is the main factor governing the duration of
La Nifia. For this reason, we looked at the depth of the
thermocline 6 months before the first peak of La Nifia,
and found that it exhibits an even larger correlation with
SST anomalies (r = 0.49) in the second year (Fig. 11c).
This could provide an 18-month lead time for predicting
the return of La Nifia. A more systematic study using
“perfect model” prediction experiments is needed to
explore the precursors of 2-yr La Nifia beyond this
preliminary analysis.

8. Conclusions

We developed a nonlinear delayed oscillator (NDO)
based on the model of SS88 and BH89. The NDO fea-
tures nonlinear and seasonally dependent ENSO feed-
backs derived from the CCSM4 heat budget. Despite its
simplicity, the NDO simulates many features in quan-
titative agreement with the CCSM4 ENSO, such as the
positive skewness, seasonal modulation of variance, a
broad peaked spectrum centered at a period of 3-4 yr,
and a ~35% frequency of occurrence of 2-yr La Nifia
events.

Simulations with the NDO reveal that a nonlinearity
in the delayed thermocline feedback is responsible for
the multiyear persistence of La Niifia. This nonlinearity
is due to the dependence of the subsurface tempera-
ture gradient AT, , on Z;., which leads to a less ef-
fective delayed thermocline-driven termination of La
Niiia events. Nonlinearities in other processes, such as

the response of winds to SST anomalies, could also
increase the duration of La Nifia as proposed by pre-
vious studies (Choi et al. 2013; Dommenget et al.
2013); however, our analysis shows that the AT, , - Z;.
nonlinearity is required to explain the large fraction
(35%) of 2-yr LN events simulated by CCSM4. Fur-
thermore, the thermocline nonlinearity has a direct
effect on the spectral properties of ENSO resulting in
a broader and longer period. This process appears to
operate in nature as well; however, its precise role on
the observed multiyear persistence of La Nifa or,
more generally, on ENSO’s period requires further
research.

Finally, the predictability of the termination of La
Nifla events cannot be quantified from our analysis. On
one hand, the predictability should be rather low be-
cause of the weaker delayed thermocline feedback. On
the other hand, whether the ENSO system remains in
the linear regime or enters the nonlinear regime could be
indicative of whether La Nifla will be effectively termi-
nated or not. Last, heat content anomalies, which are
typically interpreted as precursors of El Nifio or La Nifia
conditions, are not indicative of the return of La Nifia in
the second year. However, our results indicate that the
depth of the thermocline 6 months before the first-year
La Nifia could be a more accurate precursor for the
persistence of La Nifla. This relationship could pro-
vide a prediction of the duration of La Nifia with an
18-month lead time. Owing to its disproportionate im-
pact on drought throughout the world, further research
on the predictability and prediction of the duration of
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La Nifia events could result in concrete and direct societal
benefits.
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APPENDIX A

Composite Heat Budget Analysis

We decomposed the temperature advection by ocean
currents into the different linear and nonlinear terms in
order to explore role of ocean dynamics on the onset,
persistence, and decay of La Nifia events simulated by
CCSM4. Only the following terms are important on in-
terannual time scales:

0 _
aT
0 = —pOCpJ Hu’adz, (Ala)

0 oT!
0. = ~PoC, [ ngdz, (Alb)
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is indicated in each panel.

, 0 /aT
Q= ~PoS, J_Hwadz, and (Alc)

0 !

;o ,0T
0= —pyc, JiHugdz, (Ald)

where primed quantities are anomalies with respect to
the seasonal cycle (bar quantities), poc, = 4.1 X
10°Tm *K™! is the ocean density times the specific
heat of seawater, and H = 100m. The rationale for
using H = 100 m is extensively discussed in section 2f.
Furthermore, while being energetically consistent, in-
tegrating the advection terms (Al) over a constant
depth layer poses limitations to fully describe the in-
fluence of some of the processes. Using a spatially
constant depth could fail to capture the changes in-
volving the thermocline because of its east—west tilt.
For instance, the anomalous stratification associated
with the deepening of the thermocline driven by La
Nifia does not occur on a constant depth surface and

follows the east-west tilt of the climatological ther-
mocline instead. We explored the vertical dependence
of these terms and found that temperature tendencies
associated with changes in thermocline, zonal currents,
and upwelling do not depend strongly when 90m =
H=110m.

The composite heat budget of 1-yr LN and 2-yr LN
events shows that Q). [see (Alb)], the advection of
temperature anomalies by climatological upwelling,
and Q) [see (Ala)], the temperature advection by
zonal current anomalies, lead the development of SST
anomalies (Fig. Al, red and green lines, respectively).
The evolution of Q. is highly correlated with that of
Z/C through the entire ENSO cycle. This occurs be-
cause changes in the depth of thermocline drive
changes in stratification 7'/9z, altering the tempera-
ture advection by climatological upwelling Q). Be-
cause of this close relationship with Z{ , the Q] term
can be equated to the delayed thermocline feedback of
the SS88 and BH89 delayed oscillator or the recharge
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term of J97’s recharge oscillator. The evolution of
these terms, in particular Q;,, shows that delayed
thermocline anomalies play a key role throughout the
entire ENSO cycle, consistent with the dynamics of
simple linear models of ENSO, such as the DO and the
RO. The advection of the climatological temperature
gradient by upwelling anomalies Q/, [see (Alc)] is in
phase with SST anomalies throughout the entire
ENSO cycle (Fig. Al, purple line), thus acting as
a positive feedback. The evolution of this term is
consistent with the positive feedback proposed by
Bjerknes (1969) in which proposed that wind-driven
changes in upwelling, w’, play a key role in the growth
of El Nifo.

The advection terms for 2-yr LN events exhibit de-
partures from oscillatory dynamics similar to those
seen in evolution of the thermocline (Fig. 2). The heat
budget composite shows that Q;. leads SST anomalies
during the transition from El Nifio to La Nifa, but after
La Nina’s first peak the positive tendency associated

with Q. is not sufficient to return SST anomalies to
neutral and they remain negative (Fig. Alb, red line).
Note that, after the first year of La Nifa, the positive
Qi and Q) anomalies are larger for 1-yr events
(Fig. Ala) than for 2-yr events (Fig. A1b), even though
the SST anomalies are about the same magnitude or
even smaller.

Note that the evolution of Q) is not always in
quadrature with SST anomalies during both 1-yr and
2-yr events. The development of El Nifio and La Nifia
is characterized by Q) in phase with SST anomalies,
while the transition from El Nifio to La Nifa is char-
acterized by Q! in quadrature with SST anoma-
lies (Figs. Ala,b, green line). These differences arise
because the zonal current anomaly u’ comprises
a wind-driven component—a direct response to the
wind anomalies—and a Kelvin wave component—
associated with the delayed thermocline response
(Jin et al. 2006). The Q| variability correlated with
SST anomalies contributes to the positive Bjerknes
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feedback (in the same way than Q)), while the vari-
ability in quadrature contributes to the delayed ther-
mocline feedback.

APPENDIX B

Derivation of Feedback Functions

We derive the a, b, ¢, and d functions of the NDO (2)
by fitting the terms of the heat budget (1) to the fol-
lowing functions:

O (T)=CeST + ST + ¢, (Bla)
0, (1) = CeCT + C;eST 0 + €, (Blb)
0 (T)=Ce%T + ¢, (Blc)
0,(T")=Ce%T +C;, and (B1d)
0,m(T) =CeCT + ¢y, (Ble)

where the constants C,, are different for each O func-
tion. The only functions exhibiting multiple de-
pendence on 7" and T'(¢ — t,) are Q, and O, since the
corresponding terms of the heat budget Q) and Q.
exhibit dependence on both Nifio-3.4 SST anomalies
and on Z|..

We estimate the C,, constants through an iterative
least squares estimation as implemented by MATLAB’s
nlinfit function. We perform these regressions using heat
budget data for each calendar month in order to isolate
the seasonal dependence of the ENSO feedbacks dis-
cussed in section 3b. Figures B1-B3 show the data and
the best-fit curves for each calendar month. We obtain
correlations as high as 1.0 during seasons when each
feedback is strongest: September-November (SON) for
the Bjerknes feedback (Fig. B1) and April-June (AMJ)
for the delayed thermocline feedback (Fig. B2).

We then group together the terms of (4) that depend on
of T and on T'(t — ty) to construct the feedback functions
of the NDO equation (2). We drop the constant terms of
(B1) to ensure that the associated terms of (2) are zero
when 7" is zero. We also express these functions in units
of kelvins per year, dividing the Q functions (B1) by
poc,H/3.1104 X 10*yr~!. The Bjerknes feedback term a7’
results from combining the 7" terms of Qu and th with QW.
The delayed thermocline feedback term, —bT'(t — t),
results from grouping the 7"(t — f,) terms of O, and Q...
The atmospheric damping term —cT” is O (T"), while
the nonlinear advection term —dT'is O, (T"). Last, we di-
vide the resulting functions by either 7" or T'(t — 1) to
obtain the growth and damping rates a, b, ¢, and d.
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